The blood-brain barrier (BBB) inhibits the entry of the majority of chemotherapeutic agents into the brain. Previous studies have illustrated the feasibility of drug delivery across the BBB using focused ultrasound (FUS) and microbubbles. Here, we investigated the effect of FUS-enhanced delivery of doxorubicin on survival in rats with and 9L gliosarcoma cells inoculated in the brain. Each rat received either: (1) no treatment (control; N=11), (2) FUS only (N=9), (3) i.v. liposomal doxorubicin (DOX only; N=17), or (4) FUS with concurrent i.v. injections of liposomal doxorubicin (FUS+DOX; N=20). Post-treatment MRI showed that FUS+DOX reduced tumor growth compared to DOX only. Further, we observed a modest but significant increase in median survival time after a single treatment FUS+DOX treatment (p=0.0007), whereas neither DOX nor FUS had any significant impact on survival on its own. These results suggest that combined ultrasound-mediated BBB disruption may significantly increase the antineoplastic efficacy of liposomal doxorubicin in the brain.
Introduction
Aggressive malignancies of the central nervous system (CNS) are among the most difficult to treat due to the presence of the blood-brain barrier (BBB) (Gloeckler Ries et al. 2003; Lagerwaard et al. 1999; Surawicz et al. 1998) . The restrictive permeability of the BBB prohibits the passage of many therapeutic agents from systemic circulation into brain parenchyma (Pardridge 2002; Banerjee and Bhat 2007) or prevents their accumulation at sufficient concentrations (von Holst et al. 1990) . Although tumor vasculature is often malformed and the integrity of its BBB compromised, the complex problem of drug delivery to the brain persists. Because systemic chemotherapeutic agents are not able to penetrate solid tumors homogenously (Fukumura and Jain 2007) , portions of the tumor are often left untreated or partially treated after traditional intravenous chemotherapy. Additionally, malignant cells may infiltrate the tumor margin where the BBB remains intact. Invisible to the surgeon and unreachable by pharmacological interventions, these infiltrating neoplastic cells are responsible for 78-90% of cases of recurrent glioma (Hochberg and Pruitt 1980; Wallner et al. 1989) . Thus, the BBB remains a formidable obstacle in the treatment of patients with brain malignancies. Even with aggressive surgical resection and radiotherapy, the prognosis for the most common and most aggressive form of glioma in adults is associated with a median survival of less than one year from the time of diagnosis (Walker et al. 1978; DeAngelis 2001) .
A novel approach to the problem of drug delivery to the brain uses focused ultrasound to temporarily disrupt the BBB in a noninvasive and localized manner (Hynynen et al. 2001) . When applied to the brain in the presence of gas-filled microbubbles, high-frequency acoustic energy has been shown to stimulate active vesicular transport and transiently disassemble tight junctional complexes to allow the passage of molecules which would not otherwise penetrate the BBB (Sheikov et al. 2004; Sheikov et al. 2008) . As the energy is tightly focused to diameters as small as <1 mm, its effects on the BBB can be confined to a limited volume of tissue to enable targeted therapy (Kinoshita et al. 2006a; Treat et al. 2007; Choi et al. 2007 ). In addition to its localized effects, focused ultrasound has the advantage of noninvasive application. While the use of ultrasound for brain applications has historically required the removal of the skull due to its strong attenuation in bone (Fry and Fry 1960; Heimburger 1985) , experimental and theoretical studies have demonstrated that focused ultrasound could be applied through the skull without an invasive craniotomy using a phased transducer array (Hynynen and Jolesz 1998; Sun and Hynynen 1998) and correction factors derived from computed tomography (CT) scans (Clement and Hynynen 2002; Aubry et al. 2003) . When guided by MRI, focused ultrasound can target precise anatomical structures in a completely noninvasive manner . Such devices have been tested clinically (McDannold et al. 2010; Martin et al. 2009 ).
The high spatial resolution and noninvasive nature of ultrasound-induced BBB disruption make it an advantageous technique for targeted drug delivery to the brain. The feasibility of trans-BBB delivery by focused ultrasound has been well established for numerous agents, including imaging fluorophores (Raymond et al. 2007 ), Herceptin (Kinoshita et al. 2006a) , liposomal doxorubicin (DOX) (Treat et al. 2007) , methotrexate (Mei et al. 2009 ), Alzheimer's disease immunotherapeutics (Raymond et al. 2008) , and other antibodies (Kinoshita et al. 2006b) . Recent studies have also demonstrated that enhanced delivery via ultrasound-induced BBB disruption can improve outcomes in animal models for glioma (Liu et al. 2010 ) and Alzheimer's disease (Jordao et al. 2010) . Doxorubicin has been shown to be effective against malignant glioma both in vitro (Stan et al. 1999 ) and in vivo when injected directly into the tumor (Walter et al. 1995; Voulgaris et al. 2002) . One study confirmed that ultrasound-enhanced delivery of DOX to the normal rat brain makes it possible to achieve tissue drug concentrations at levels sufficient to have a therapeutic effect in humans, with 3-to 20-fold increases in drug concentrations in sonicated regions of the brain compared non-targeted regions (Treat et al. 2007 ). Furthermore, it has been shown that ultrasound may be used to enhance intracellular delivery and synergistically increase the efficacy of other chemotherapeutic agents in glioma cells in vitro (Zarnitsyn et al. 2007) . However, such a therapeutic benefit has not yet been demonstrated in vivo. In the present study, we examined the impact of focused-ultrasound enhanced chemotherapy on survival in an in vivo rodent model of aggressive glioma.
Materials and Methods

Cell culture
9L gliosarcoma cells were obtained from the University of California-San Francisco/ Neurosurgery Tissue Bank. Cells were cultivated in Minimum Essential Medium with Earle's salts, supplemented with 10% fetal calf serum, 1% L-glutamine, 1% MEM nonessential amino acids, and 0.1% gentamicin (10% FCS-MEM) in a 5% CO 2 chamber held at 37 deg C.
Animals
Male Sprague-Dawley rats (~200 g) were acquired from Charles River Laboratories (Boston, Massachusetts). For surgery or experiments involving exposure to ultrasound (sonication), rats were anesthetized by i.p. administration of ketamine (90 mg/kg) and xylazine (10 mg/kg) per hour or as needed. For imaging on days before or after ultrasound exposure, rats were anesthetized by induction in a vaporized isofluorane chamber (3% induction, 1-2% maintenance). In preparation for surgery or sonication, the hair covering the dorsal surface of the skull was removed with depilatory lotion. For experiments requiring i.v. administration of contrast agents or chemotherapy, a 24-gauge catheter was inserted into the tail vein.
All animals were cared for in accordance with our institutional animal care policy. Euthanasia of animals exhibiting severely impaired activity or weight loss in excess of 20% was conducted on animals under deep anesthesia by i.p. injection of sodium pentobarbital (Euthasol, 180 mg/kg; Virbac Corporation, Fort Worth, Texas) or by transcardial perfusion with 0.9% NaCl solution and 10% formalin in 0.1 M phosphate buffer to preserve the brain/ tumor structure for histological analysis.
Tumor implantation
In the anesthetized rat, the dorsal surface of the skull was sterilized with an iodine swab. A 1-cm linear skin incision was placed over the bregma and a 1-mm burr hole was drilled into the skull approximately 2 mm lateral to the bregma. A 10-µL gas-tight syringe (Hamilton, Reno, Nevada) was used to inject (0.5-1) × 10 5 9L rat gliosarcoma (9L GL) cells suspended in 2-4 µL 10% FCS-MEM into the right or left frontal lobe at a depth of 3.5 mm relative to the dural surface of the brain. To minimize convection at the injection site, the cell suspension was slowly injected over 5 min. Two minutes after injection, the needle was slowly retracted over an additional 5 min. The wound was rinsed with 0.9% NaCl solution and the burr hole occluded with sterile bone wax (Ethicon, Somerville, New Jersey) to prevent leakage of the cerebrospinal fluid. The skin was then closed with 5-0 silk sutures (Ethicon, Somerville, New Jersey) and the rat allowed to recover from anesthesia under observation. Each animal was given a one-time dose by i.p. administration of antibiotic (Baytril, 2.5 mg/kg; Bayer HealthCare, Wayne, New Jersey) and analgesic (Buprenex, 0.05 mg/kg; Reckitt Benckiser Healthcare, Hull, England, UK) every 12 h for 24 h following surgery. Sutures were removed prior to sonication, usually 5 days after surgery. MR images of the brain were acquired 7 or 8 days following implantation. Animals were included in the study if the tumor appeared to be well-circumscribed and if the larger cross3 sectional diameter was within 1-3 mm, inclusive.
Study design
On Day 8 after implantation, each rat was randomly assigned to one of the following groups: (1) no treatment (control; N=11), (2) a single treatment with microbubble-enhanced MRIguided focused ultrasound (FUS only; N=9), (3) a single treatment with i.v. liposomal doxorubicin (DOX only; N=17), or (4) a single treatment with microbubble-enhanced MRIguided focused ultrasound and concurrent i.v. injections of liposomal doxorubicin (FUS +DOX; N=20). Additional MR images of the brain were acquired weekly to monitor tumor growth. Animals were followed until death, up to 55 days. Total survival times from tumor implantation until death were recorded. Six additional animals had implanted tumors with growth rates that were clearly different than the others, suggesting problematic tumor cell preparation or implantation. These animals were considered outliers and excluded from the study.
Ultrasound
Ultrasonic waves (sonications) were generated by a single-element focused transducer (diameter = 10 cm; radius of curvature = 8 cm; frequency = 1.7 MHz, ellipsoid focal spot with half-maximum pressure amplitude diameter/length, in water: 1 mm/4 mm) whose electrical impedance was matched to 50 Ohms. The transducer was mounted on an MRIcompatible manual positioning device with three translational degrees of freedom and immersed in a tank of degassed water integrated into the table of a standard clinical MRI scanner (Fig. 1A ). An external network consisting of an RF power amplifier (50-dB gain, E&I model #240L, Rochester, New York), function generator (Fluke Corporation, Everett, Washington), and personal computer was used to control sonication. Prior to each animal experiment, MR images were acquired during high-power continuous-wave sonications in a gel phantom to determine the coordinates of the acoustic focus of the transducer.
For animals in Groups 2 (FUS only) and 4 (FUS+DOX) which received treatment with microbubble-enhanced MRI-guided focused ultrasound, each rat was laid supine over the water tank so that the dorsal surface of its head was acoustically coupled to the transducer with degassed water (P_O 2 <1 ppm). Pre-sonication images of the brain were acquired to determine the size and coordinates of the tumor. The transducer was repositioned to align its focus with the tumor, which was then exposed to pulsed ultrasound (derated pressure amplitude: 1.2 MPa, burst length: 10 ms, pulse repetition frequency: 1 Hz, duration: 60-120 s; sonication repeated every 5 min in overlapping square pattern; see ref (Treat et al. 2007) for further detail). Ultrasonographic contrast agent (Definity, 0.01-0.02 mL/kg; Lantheus Medical Imaging, North Billerica, MA, USA) consisting of perflutren lipid microspheres (mean diameter, 1.1-3.3 µm) was diluted to 10% normal strength (maximum concentration after dilution, 1.2 × 10 9 bubbles per mL) with a solution of 0.01 M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl. The dose of contrast agent per sonication was selected to be similar to the 0.01 mL/kg dose recommended for clinical ultrasound imaging. At the start of sonication, a bolus of the diluted contrast agent was injected simultaneously into the catheterized tail vein, followed by a 0.2-mL flush with 0.9% NaCl solution. The transducer was then moved to its new position and the procedure repeated every 5 min until the entire projected area of the tumor and its margins had been exposed to the acoustic focus, usually 5-9 sonications in total with the 1-mm spacing. Contrast-enhanced MR images were obtained immediately following the first two exposures, which were aimed 1 mm outside of the tumor, to confirm the in vivo location of the acoustic focus relative to the tumor prior to treatment.
Chemotherapy
Animals in Groups 3 (DOX only) and 4 (FUS+DOX) received single-agent intravenous administration of doxorubicin hydrochloride encapsulated in long-circulating pegylated liposomes (Doxil; Ortho-Biotech, Bridgewater, New Jersey). In this form, greater than 90% of the drug is contained within the liposomes (~100 nm). Each rat was administered 5 slow bolus injections of DOX followed by 0.2 mL 0.9% NaCl solution into the catheterized tail vein at 5-min intervals, for a total dose of 5.67 mg/kg. For the animals in Group 4, the DOX injections immediately followed the administration of Definity microbubble contrast agent so that the concurrent ultrasound exposure may enhance the release of the DOX from the liposomes in the localized region of focal BBB disruption.
Magnetic resonance imaging
Magnetic resonance images of the brain were acquired in all animals for guidance and evaluation. For animals in Groups 2 (FUS only) and 4 (FUS+DOX), the ultrasound experimental set-up (Fig. 1A) was integrated into the table of a 3.0-Tesla clinical MRI scanner (Signa; GE Healthcare, Milwaukee, Wisconsin). A 7.5-cm-diameter transmit/ receive surface coil was centered on the dorsal surface of the head. Two-dimensional T2-weighted fast spin-echo (FSE) images of the brain (repetition/echo time: 2000/91 ms; echo train length: 8; image matrix: 256×256; slice thickness/spacing: 1.5 mm/interleaved; field of view: 8 cm; number of excitations: 2; flip angle: 90 deg) were acquired in three orthogonal planes to determine the size and location of the tumor. To show the baseline contrast enhancement of the tumor prior to ultrasound exposure (Fig. 1B, left) , two-dimensional T1-weighted FSE images of the tumor (repetition/echo time: 500/13 ms; echo train length: 4; image matrix: 256×256; slice thickness: 1.5 mm; field of view: 8 cm; number of excitations: 4; flip angle: 90 deg) were acquired in the plane perpendicular to the direction of ultrasound propagation and then repeated after i.v. administration of gadopentatate dimeglumine MR contrast agent (Magnevist; Bayer HealthCare, Wayne, New Jersey; 0.25 mL/kg). The target site for BBB disruption was selected on the MR images and the transducer repositioned accordingly. Sonications were performed through the opening of the surface coil, which was filled with a plastic bag [poly(vinyl chloride), thickness ~75 µm] containing degassed water. After treatment with ultrasound was completed, additional contrast-enhanced T1-weighted FSE images were acquired to confirm successful ultrasound-induced BBB disruption in and around the tumor (Fig. 1B, right) .
Additional T2-weighted rapid acquisition with relaxation enhancement (RARE) images of the brain (repetition/echo time: 2000/85 ms; echo train length: 8; image matrix: 256×256; slice thickness: 1.5 mm; field of view: 8 cm; number of excitations: 2; flip angle: 180 deg) were acquired in all animals using a 4.7-Tesla small animal MRI scanner (BioSpec Avance; Bruker, Billerica, Massachusetts).
Image analysis
The size of the tumor was evaluated with image analysis software written in-house using MATLAB (MathWorks, Natick, MA). Tumor volumes V were calculated using an ellipsoid approximation [V ≈ 4/3 * π* (0.5) 3 * (abc)], where a, b, and c are the maximum diameters of the tumor measured in three orthogonal planes on two-dimensional T2-weighted MR images. Least-squares nonlinear regression analyses were performed to compare the rate of tumor growth between groups. For animals for which MRI data were acquired on at least 3 different days, tumor volumes were fit using an exponential model of the form V = A*exp(kt), where A and k are constant parameters and t is the number of days after implantation. Tumor volume doubling time T_1/2 was then calculated for each animal using the equation T_1/2 = ln(2)/k.
Survival analysis
Population survival curves were also plotted using the Kaplan-Meier method (Kaplan and Meier 1958) . Survival curves were compared between groups using the Log-Rank test.
Statistical analyses were performed using either GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, California) or Excel 2002 (Microsoft Corporation, Redmond, Washington). The Bonferroni method was used to compare multiple pairs of groups (Bland and Altman 1995) . The significance level for the family of comparisons was set at 0.05. Since there are four treatment groups (including control) with six possible paired comparisons, pairwise p values less than the Bonferroni-corrected threshold of 0.05/6 = 0.0083 were considered statistically significant.
Histologic analysis
For illustrative purposes, the brains of three animals were examined to compare the histologic effects of different treatments. As with those in the survival study, these animals were randomly assigned on post-implantation Day 8 to one of Groups 1 (control), 3 (DOX only), or 4 (FUS+DOX). Forty-eight hours after treatment, the animals were euthanized by transcardiac perfusion with 0.9% NaCl solution followed by 10% phosphate-buffered formalin while under deep anesthesia with ketamine and xylazine. Their brains were harvested and fixed in formalin; tissue blocks containing the tumor were embedded in paraffin and cut into 6-µm serial sections perpendicular to the direction of ultrasound propagation. Every thirtieth section was stained with hemotoxylin and eosin (H&E) for examination by light microscopy.
Results
Delayed tumor growth in rats treated with ultrasound-enhanced chemotherapy
Images of the brain obtained weekly before and after treatment were used to compare the effects of each treatment on glioma growth rate. Fig. 2 shows an example of T2-weighted MR images of the brain of a rat treated with FUS+DOX and of one treated with DOX only. On a week-by-week basis, the rat treated with FUS+DOX seemed to exhibit a tumor growth pattern comparable to that of the rat treated with DOX only until two weeks after treatment, when noticeable differences in the growth patterns emerged. While the tumor in the DOXonly-treated rat continued to grow exponentially (R 2 = 0.999) even after treatment, tumor growth in the FUS+DOX-treated rat was visibly delayed, allowing the ultrasound-enhanced treated rat to survive longer.
Exponential growth time constants for each rat were calculated from least-squares regression analyses. Animals treated with FUS+DOX exhibited an average tumor volume doubling time (T_1/2 ± SD) of 3.7 ± 0.5 days, whereas those treated with DOX only had a doubling time T_1/2 = 2.7 ± 0.4 days. Animals who received FUS only or no treatment exhibited similar tumor growth rates as the latter group with T_1/2 = 2.2 ± 0.3 days and T_1/2 = 2.3 ± 0.3 days, respectively. These results confirmed that rats treated with FUS+DOX had longer average tumor volume doubling times than any other group (Fig. 3) . In all cases except one, the coefficient of determination R 2 of the exponential fit exceeded 0.94. One animal treated with FUS+DOX was excluded from the calculation of the average doubling time (T_1/2 = 7.9 days) because its tumor growth pattern after FUS+DOX treatment was not well described by an exponential fit (R 2 = 0.44).
Improved survival in rats treated with ultrasound-enhanced chemotherapy
To further investigate the therapeutic efficacy of ultrasound-enhanced chemotherapy, we compared the population survival curves between groups of rats with implanted 9L gliosarcoma tumors which received different treatments. Fig. 4 shows the Kaplan-Meier estimates of survival in rats for the four experimental groups. Six animals treated with FUS (either by itself or in combination with DOX) did not recover after treatment, possibly due to prolonged time under anesthesia; these animals are considered lost to follow-up (censored) after Day 8.
The results of the survival analysis are listed in Table 1 . The median survival times for each group were 25, 25, 29, and 31 days, respectively. The Log-Rank test for the groups 2, 3, and 4 compared to the nontreated reference group yields Χ 2 = 1.25 (p = 0.26), 1.86 (p = 0.17), and 11.61 (p = 0.0007), respectively. Thus, rats which received a single treatment of FUS +DOX had a 24% greater median survival time than nontreated rats, and the difference was highly significant (p = 0.0007). In contrast, rats which received DOX only had a 16% greater median survival time than nontreated rats, but the difference was not statistically significant (p = 0.17). In addition, the proportion of long-term (> 40 days) survivors in the FUS+DOX group was 26.7%, whereas no rats in the other three groups survived beyond 34 days. There was no significant difference in survival between animals treated with FUS only and nontreated controls.
Histologic analysis
Preliminary histological evaluation of representative brains from animals with implanted 9L gliosarcoma showed marked differences at the edge of tumors treated with FUS+DOX compared to those treated with DOX only (Fig. 5) . At 48 h after treatment, the edge of the tumor treated with FUS+DOX was characterized by parenchymal vacuolation and damaged tumor cells. (Fig. 5A, B, arrow) . In the animals treated with DOX only, the tumor edges remained intact and undamaged infiltrating tumor cells were visible in the tissue beyond the solid tumor and surrounding an intact blood vessel (Fig. 5C , D, arrows).
Discussion
Doxorubicin (formerly known as adriamycin) is a ubiquitous antineoplastic agent used in both single-agent and combination chemotherapy. It has been shown to be effective against malignant glioma both in vitro (Stan et al. 1999 ) and in vivo when injected directly into the tumor (Walter et al. 1995; Voulgaris et al. 2002) . However, systemic administration of this potent cytotoxic agent results in poor accumulation in glioma tissue because it does not readily cross the intact BBB (von Holst et al. 1990 ). Thus, while DOX is widely used to treat extracranial cancers, it has been ineffective against malignancies within the brain, in spite of the enhanced penetration and retention effect of pegylated liposomes in tumors. The evidence suggests that if the agent had a means of penetrating the BBB and its accumulation in the tumor could be increased to therapeutic levels, then its clinical use could have a profound impact on survival in patients afflicted with primary or metastatic brain tumors.
In a previous study of drug quantification, we demonstrated that it is possible to achieve therapeutic levels of DOX in localized areas of the brain by using MRI-guided focused ultrasound to induce transient BBB disruption in rats (Treat et al. 2007 ). In the present study of therapeutic impact, we have shown that a combined treatment of ultrasound-induced focal BBB disruption and i.v. DOX significantly improves survival and slows disease progression in rats with aggressive glioma. Rats who received ultrasound-enhanced chemotherapy showed a modest but highly significant increase in median survival time, as well as an increase in the proportion of long-term survivors, compared to those who received standalone chemotherapy. In addition, follow-up MRI confirmed that rats who received the combined treatment experienced slower tumor growth with increased tumor volume doubling times. Not surprisingly, rats treated with only intravenous DOX exhibited no significant difference in survival from those who did not receive any treatment. Similarly, rats treated with only microbubble-enhanced focused ultrasound showed no significant difference in survival from the control group. Thus, neither ultrasound nor intravenous chemotherapy was sufficient on its own to achieve the improved survival benefit observed when the two treatments were combined.
The enhanced therapeutic efficacy of the combined treatment may be attributable to augmented localized release of DOX from disrupted liposomes in the focal target and the increased penetration of the drug through the ultrasound-induced BBB disruption. The interaction of low-power focused ultrasound with intravascular microbubbles is thought induce mechanical stresses on the brain microvascular endothelial wall, which induce focal and transient BBB opening (Hynynen et al. 2001) . Immunoelectron microscopy studies in normal brain indicate that passage through the BBB after treatment with microbubbleenhanced ultrasound occurs via both paracellular and transcellular routes, including (1) open endothelial cell tight junctions (TJ), (2) enhanced active vesicular transport, (3) endothelial cell fenestration and channel formation, and (4) free passage through injured endothelium (Sheikov et al. 2004; Sheikov et al. 2006) . Specifically, the redistribution and loss of immunosignals for TJ-specific proteins occludin, claudin-5, and ZO-1 provide direct evidence of the disassembling of the TJ molecular structure and associated functional loss of the BBB immediately following ultrasound exposure; six hours after sonication, the protein immunosignals and BBB function are both restored (Sheikov et al. 2008) . We note that these mechanisms of ultrasound-mediated BBB disruption elucidated in the normal brain may not all be identical to those in glioma, in which the vasculature is immature, variably permeable, and inhomogeneously distributed. Differences in vasculature distribution and functionality in tumors may account in part for the modest effect of the ultrasound-mediated drug delivery observed in this study, compared to the markedly enhanced drug penetration in normal brain (Treat et al. 2007) . It remains to be explored whether and how the effects of microbubble-enhanced focused ultrasound in neoplastic tissue differs from its effects in normal brain tissue. Only limited histological examination on representative examples from the different groups was performed in this pilot study. Future work is needed to examine a larger sample size, and to evaluate the effects of these treatments at different time-points to elucidate such effects and to examine the effects focused ultrasound, DOX, and their combination in tumors.
It is arguable that the effects that we did observe with histology at the tumor margins may have contributed to the slowed tumor growth and increased survival times observed in rats treated with ultrasound-enhanced chemotherapy. Vacuolation in the tumor margin may have inhibited growth at its proliferative edge. It is also plausible that since the periphery of the tumor typically contains more functional blood vessels than its core, greater DOX delivery by the ultrasound-mediated BBB disruption may have contributed to greater effects observed in these regions. However, since animals who received ultrasound without chemotherapy exhibited no significant difference in survival from nontreated control animals, we believe that the ultrasound in itself would be an unlikely explanation of the improved survival effect that we observed. It is more likely that the therapeutic benefit of the ultrasound-enhanced treatment resulted primarily from the increased penetration of DOX across the BBB and its accumulation in and around the tumor, thus improving the antitumoral efficacy of the systemic agent. Furthermore, previous studies of focused ultrasound with Optison microbubble contrast agent in normal brain tissue have shown that it is possible to achieve BBB disruption without significant histologic effects over a onemonth follow-up period . In these studies, only minor capillary extravasation of erythrocytes after acute exposure was observed. Although the effects observed with histology in the current study were more severe than in previous studies, it should be noted that the ultrasound protocol used in this study of therapeutic efficacy has not yet been optimized for drug delivery. In addition, extensive parametric studies on the threshold for tissue damage using focused ultrasound and Definity microbubble contrast agent have not yet been performed.
The role of chemotherapy in the treatment of patients with brain tumors has been controversial. Individual randomized controlled clinical trials of the use of single-agent or multi-agent chemotherapy in addition to cranial irradiation have failed to demonstrate any significant improvement in median survival. However, meta-analysis has shown a significant difference in median survival in brain tumor patients who receive chemotherapy (Fine et al. 1993) . Although the effect of chemotherapy on median survival is controversial, there is little doubt that chemotherapy significantly increases the proportion of long-term survivors from less than 5 percent to approximately 15-20 percent (DeAngelis et al. 1998 ). This finding has been consistent across trials (DeAngelis 2001) and is consistent with our current results. Recent developments in the identification of genetic markers linked to chemotherapeutic response van den Bent et al. 2006) have renewed interest in the use of chemotherapy for brain tumors with agents which can cross the BBB, such as temozolomide. The development of focused ultrasound-induced BBB disruption as a noninvasive method for targeted drug delivery to the brain could further reinvigorate the field by opening the door to a wide spectrum of potential neurotherapeutics which may otherwise be ruled out based on their current inability to penetrate the BBB.
The advantages of using focused ultrasound to induce BBB disruption as a technique for drug delivery to the brain are numerous. Focused ultrasound-induced BBB disruption is temporary, noninvasive, spatially resolved, and generically applicable for the delivery of agents of a wide range of molecular size (up to ~150 kDa) (Kinoshita et al. 2006a; Raymond et al. 2007; Sheikov et al. 2006) . While previous studies have illustrated the feasibility of drug delivery across the BBB using MRI-guided focused ultrasound, to our knowledge, this study is the first to demonstrate its therapeutic benefit in vivo. Although the increase in survival time is modest, it should be noted that it is achieved here with only a single treatment with ultrasound and a single dose of doxorubicin, whereas a typical chemotherapy regimen consists of multiple doses over time. We postulate that the therapeutic benefit of MRI-guided focused ultrasound-enhanced chemotherapy could be increased with repeated administration. Since the BBB disruption induced by focused ultrasound has been shown to be transient and reversible , repeated use of this technique in the clinical setting should be possible. The development of this technique for drug delivery across the BBB and other blood-CNS barriers would have innumerable clinical applications, including but not limited to malignant glioma. Our in vivo demonstration of the increased antitumoral efficacy of doxorubicin as a result of ultrasound-mediated delivery represents a major milestone in the development of this technique for neuropharmacological applications.
Conclusions
A single treatment with ultrasound-mediated BBB disruption to enhance local delivery of liposomal doxorubicin was shown to slow tumor growth and improve survival in an aggressive rat glioma model. These results suggest that this approach may significantly increase the antineoplastic efficacy of the cytotoxic agent in the brain. This in vivo demonstration of the therapeutic benefit of combined MRI-guided focused ultrasoundenhanced chemotherapy, achieved here with a single treatment, is an important step forward in the development of this technique for the improved treatment of patients with CNS malignancies.
family. Cell cultures (9L GL) were kindly provided by the University of California-San Francisco/Neurosurgery Tissue Bank.
Fig. 1.
A, Experimental set-up for MRI-guided focused ultrasound-induced BBB disruption in rats with implanted 9L gliosarcoma. Pulsed ultrasound was focused in and around the tumor (Frequency: 1.7 MHz, Pressure: 1.2 MPa, Burst length: 10 ms, Repetition frequency: 1 Hz, Duration: 60-120 s; see ref (Treat et al. 2007 ) for further detail) with simultaneous i.v. administration of Definity microbubble ultrasonic contrast agent. B, Contrast-enhanced T1-weighted magnetic resonance images of the rat brain before (left) and after (right) ultrasound-induced BBB disruption around the tumor showed increased penetration of MR contrast agent through the BBB in the targeted area after sonication. T2-weighted magnetic resonance images of a rat brain with implanted 9L gliosarcoma (outlined) before and 1, 2, and 3 weeks after treatment with focused ultrasound and i.v. liposomal doxorubicin (FUS+DOX; top row) or treatment with i.v. liposomal doxorubicin (DOX only; bottom row). While the tumor in the rat treated with DOX only continued to grow exponentially (R 2 = 0.999) even after treatment, tumor growth in the rat treated with FUS+DOX was visibly slowed in comparison. Average tumor volume doubling time in rats with intracranially implanted 9L gliosarcoma after treatment with one of the following: microbubble-enhanced focused ultrasound (FUS only), i.v. administration of 5.67 mg/kg liposomal doxorubicin (DOX only), or microbubbleenhanced focused ultrasound and i.v. administration of 5.67 mg/kg liposomal doxorubicin (FUS+DOX). Doubling time was calculated from exponential growth time constants determined from least-squares regression analyses. Rats treated with FUS+DOX had longer average tumor volume doubling times (3.7 ± 0.5 days) than any other group. Fraction of survival (Kaplan-Meier plot) of rats with intracranially implanted 9L gliosarcoma after treatment on day 8 with one of preparations listed in Fig. 3 . Rats which received a single treatment of FUS+DOX had a 24% greater median survival time than nontreated rats (Log-Rank Χ 2 = 11.61; p = 0.0007) and a greater proportion in long-term survivors; the other treatment groups were not significantly different from the control group. 
